Biofilm embedded bacterial pathogens such as Staphylococcus spp., Escherichia coli, Pseudomonas aeruginosa, and Acinetobacter baumannii are difficult to eradicate and are major sources of bacterial infections. New drugs are needed to combat these pathogens. Hypericum is a plant genus that contains species known to have antimicrobial properties. However, the specific constituents responsible for the antimicrobial properties are not entirely known, nor have most compounds been tested as inhibitors of biofilm development. The investigation presented here tested seven secondary metabolites isolated from the species Hypericum densiflorum, Hypericumellipticum, Hypericum prolificum and Hypericum punctatum as inhibitors of bacterial growth and biofilm production. Assays were conducted against Staphylococcus epidermidis, Staphylococcusaureus, clinical methicillin-resistant Staphylococcus aureus (MRSA), Pseudomonas aeruginosa, Escherichia coli, and Acinetobacter baumannii. Five of the seven compounds demonstrated growth inhibition against the Gram-positive bacteria with minimum inhibitory concentrations (MIC) ranging from 1.95 μg/mL to 7.81 μg/mL. Four of the secondary metabolites inhibited biofilm production by certain Gram-positive strains at sub-MIC concentrations.
INTRODUCTION
Bacterial resistance to many of our current antibiotics is sharply increasing, thereby creating a critical need to develop novel antimicrobial drugs (Spellberg et al., 2004) . Antimicrobials of plant origin have enormous therapeutic potential. Not only could they help mitigate infectious diseases, but they may also lack adverse side effects often associated with existing antimicrobial agents, including hypersensitivity, allergic reaction, and immunosuppression (Iwu et al., 1999; Mukherjee et al., 2002) . Previous investigations have demonstrated the effectiveness of plant metabolites from traditional herbs against Gram-positive and Gramnegative microorganisms (Dall'agnol et al., 2005; Gibbons, 2004; Mukherjee et al., 2002) . In particular, studies involving members of the genus Hypericum have suggested that their secondary metabolites possess promising antimicrobial properties.
The plants of the Clusiaceae (Guttiferae) family consist of more than 1000 species of which Hypericum is the most widely studied genus (Dall'agnol et al., 2005) . These plants are commonly found as herbs, shrubs or small trees and are distributed chiefly in the temperate regions of the world. Hypericum has been used in folk medicine dating back more than 2400 years, thereby suggesting the therapeutic potential of many species. Records indicate that Cherokee, Iroquois, and Montagnais American Indian tribes used Hypericum perforatum, also known as St. John's wort, as a febrifuge/cough medicine (Saddiqe et al., 2010) .
There is a growing interest in Hypericum secondary metabolites because of their wide range of biological activities. Phytochemical investigations on Hypericum perforatum, for instance, have led to the isolation of active antimicrobial compounds, which include naphthodianthrones and phloroglucinols (Saddiqe et al., 2010) . Owing to these findings, we were inspired to expand the search for new antibacterial agents to include other Hypericum species. Here we report the biological evaluation of seven phloroglucinol derivatives from H. densiflorum, H. ellipticum, H. prolificum and H. punctatum for their antibacterial
properties. The compounds were tested for inhibition of bacterial growth and biofilm formation against a panel of clinically relevant pathogens. The panel was comprised of Staphylococcus epidermidis, Staphylococcus aureus, clinical methicillin-resistant S. aureus (MRSA), Pseudomonasaeruginosa, Escherichia coli, and Acinetobacter baumannii. Five of the compounds demonstrated potent antimicrobial effects against the Gram-positive pathogens. Additionally, four of the secondary metabolites attenuated biofilm formation at concentrations below the minimum inhibitory concentration.
MATERIALS AND METHODS

Chemicals and Instrumentation
NMR spectra were recorded on a JEOL ECP 400 MHz spectrometer ( 1 H, 400 MHz; 13 C, 100 MHz) using CDCl 3 , (CD 3 ) 2 CO and DMSO-d 6 as solvents and TMS as internal standard. Gradient HMQC and HMBC data were obtained using standard pulse programs. MS analyses were carried out on a Q-Star Elite (Applied Biosystems MDS) mass spectrometer equipped with a Turbo Ionspray source (University of Rhode Island). HRMS data were acquired using electrospray ionization on an Agilent G6520A Q-TOF high resolution mass spectrometer (CUNY, Hunter College). Preparative HPLC was performed using a Waters Delta 600 system equipped with a Waters 2487 dual wavelength absorbance detector. Column chromatography (CC) was performed using Fisher Scientific silica gel (230-400 mesh), and analytical TLC was performed using Sigma-Aldrich polyester backed plates precoated with silica gel UV 254 . All solvents were HPLC grade and were obtained from Fisher Scientific and Aldrich Chemical Co. 
Plant material
Extraction and isolation procedures
The aerial parts of H. punctatum were dried and ground to a fine powder using a coffee grinder. The powdered plant material (255 g) was extracted with acetone (3 × 1.1 L) followed by methanol (3 × 1.0 L) at room temperature. The solvents were allowed to percolate for one night each time. The acetone and methanol extracts were concentrated in vacuo. The acetone extract (15.5 g) was subjected to silica gel CC, eluting with an acetonehexanes stepwise solvent gradient (5:95 to 100:0, v/v) to afford nine fractions (A1-A9). Fraction A5 (520 mg), eluted with acetone-hexanes (1:4, v/v), was chromatographed further by silica gel CC using ethyl acetate-hexanes (1:9 to 1:4, v/v) to afford sub-fractions B1-B6. Subfraction B3 (294.2 mg) was purified by semi-preparative HPLC on an Atlantis dC18 column (5μm, 19 × 150 mm, methanol:water (85:15, v/v) , isocratic elution, flow 10 mL/ min), to afford compound 1 (40.2 mg) and compound 2 (55.1 mg) as yellow solids. The NMR spectroscopic data of 1 and 2 are consistent with those reported in the literature (Rios and Delgado, 1992) . Compounds 3-7 were previously isolated from three Hypericum species: H. densiflorum, H. ellipticum and H. prolificum. Compounds 3 (54.7 mg) and 4 (36.9 mg) were isolated from a hexanes extract of the aerial portions of H. densiflorum, whereas compound 5 (110.4 mg) was isolated from an acetone extract of the sample plant. The structures were confirmed on the basis of NMR spectroscopic data (Henry et al., 2009) . Compound 4 had been previously reported from H. olympicum and prepared by synthesis (Gibbons et al., 2009) , and compound 5 was recently isolated from H. elegans (Nedialkov et al., 2011) . However, compound 3 is only known from H. densiflorum. Compound 6 (28.0 mg) was isolated from an acetone extract of the aerial parts of H. ellipticum. The structure was elucidated on the basis of NMR spectroscopic data, as previously described (Manning et al., 2011) . This natural product is currently known only in H. ellipticum. Compound 7 (1.0 g) was isolated from the hexanes extract of H. prolificum as previously reported (Henry et al., 2006) , and characterized on the basis of NMR spectroscopic data. This compound has so far only been reported in this species. NMR spectra of compounds 1-7 are provided as supplementary data.
Microorganisms and culture conditions
S. epidermidis (RP62A; ATCC 35984), S. aureus (ATCC 35556), clinical methicillinresistant S. aureus, P. aeruginosa (ATCC 27853), E. coli (ATCC 25922), and A. baumannii (ATCC 17978) were obtained from the Veterans Affairs Medical Center (VAMC) in Providence, Rhode Island and maintained in tryptic soy broth (Difco, Becton Dickinson) at −80 °C. All strains were incubated on tryptic soy agar (Difco, Becton Dickinson) at 37 °C for 24 h. The clinical MRSA isolate is a biofilm-producing strain that was obtained in 2004 from the blood of an infected patient at the VAMC in Providence, RI.
Antimicrobial activity
Bacterial cells (10 5 CFU/mL) were inoculated into Mueller-Hinton broth (Difco, Becton Dickinson) at 200 μL/well in 96-well microtiter plates. The minimum inhibitory concentration (MIC) of each pure compound was determined following methods recommended by the Clinical and Laboratory Standards Institute (CLSI, 2005) . Briefly, twofold serial dilutions of each compound were added to wells containing bacterial cells. After 24 h of incubation at 37 °C, MICs were determined by visually inspecting each well for bacterial growth. The minimum bactericidal concentration (MBC), defined as the minimum concentration required to kill 99.9% of a bacteria inoculums, was determined by reinoculating 20 μL of each culture medium from the microtiter plate wells onto tryptic soy agar plates. After 24 h of incubation at 37 °C, MBCs were determined by visually inspecting the agar plates for bacterial growth. All MIC and MBC measurements were performed at least in duplicate.
Biofilm Inhibition
Hypericum constituents that demonstrated growth inhibitory properties against staphylococci were tested for their ability to prevent biofilm formation by planktonic S. aureus and S. epidermidis. Biofilm production was quantified using a microtiter plate assay (Stepanovic et al., 2000) . After overnight growth on tryptic soy agar (Difco, Becton Dickinson), stationary cultures of the biofilm-producing reference strains S. aureus (ATCC 35556), S. epidermidis (RP62A; ATCC 35984), and non-biofilm producing staphylococci were evaluated. A stable biofilm-negative mutant, M7, from the wild-type S. epidermidis RP62A served as the non-biofilm control. After 24 h of incubation at 37 °C, tryptic soy broth (Bacto, Becton Dickinson) and planktonic bacteria were removed by gently washing with sterile normal saline. The minimum biofilm inhibitory concentration (MBIC), which is the lowest concentration of an antimicrobial agent that results in no detectable biofilm growth, was quantified by staining the bacteria with 2% crystal violet and measuring optical density at 570 nm (Synergy 2, Bio-Tek Instruments, Inc, Winooski, VT). Wells containing sterile medium served as blanks for all absorbance readings and the non-biofilm isolate was used as a negative control. All tests were conducted in quadruplicate and the results were averaged.
RESULTS AND DISCUSSION
Each of the seven secondary metabolites was first tested for growth inhibitory properties against the panel of pathogens. Compounds 1-5 demonstrated potent growth inhibition of the Gram-positive bacteria (Table 1) , with MIC and MBC values ranging from 1.95 μg/mL to 7.81 μg/mL. The MBC values closely mirrored the MIC values, suggesting a bactericidal mechanism of action. A comparison of MIC values for constituents 3-5 shows that the acyl group modulates potency only minimally. The benzoyl derivative 5, isolated from H. densiflorum, is the most potent congener in this series, registering a MIC of 1.95 μg/mL against biofilm-producing S. aureus.
Additional structure-activity relationships are apparent from the variable activities of the compounds. Attachment of the geranyl group to either C3 of the phloroglucinol ring (1 and 2) or the C2-oxygen (3-5) had little effect on the antibacterial properties of the Hypericum constituents. However, a previous study reported that similar acylphloroglucinol compounds from Hypericum beanii lacking the geranyl chain were 2-4 fold less active against S. aureus (Shiu and Gibbons, 2006) , highlighting the importance of this structural feature. Compounds 6 and 7 did not produce any measurable activity against the Gram-positive bacteria. Introduction of a methyl group and a second prenyl group (compound 6), leading to loss of aromaticity in the phloroglucinol ring, resulted in loss of antibacterial activity. Elaboration of the terpene moiety to include an additional two isoprene units (compound 7) also abolished the antibacterial effects. The additional cyclization would limit conformational flexibility of the terpene unit. The additional prenyl groups also increase the lipophilicity, which would likely limit aqueous solubility and therefore decrease intracellular concentrations (Appendino et al., 2008) . Winkelmann et al. reported modest antistaphylococcal activity (32 μg/mL) for a related acylphloroglucinol lacking one of the additional isoprene units of 7, further demonstrating the detrimental effects of the cyclization and/or increased lipophilicity (Winkelmann et al., 2003) .
Although five of the Hypericum compounds displayed growth inhibitory effects against the Staphylococcus test strains, all were inactive against the Gram-negative bacteria (E. coli, P. aeruginosa, A. baumanii) at the highest test concentration of 125 μg/mL. Structural differences between Gram-positive and Gram-negative bacterial cell walls may account for the variable activities. Gram-negative bacteria possess an outer lipopolysaccharide membrane surrounding the cell wall whereas Gram-positive bacteria do not. The lack of an outer lipopolysaccharide membrane in the Gram-positive bacteria may allow increased permeability of Hypericum metabolites into cells (Tian et al., 2009 ). These results are in agreement with previous studies of Hypericum extracts that have shown weak to no activity against E. coli (Bussmann et al., 2010; Jayasuriya et al., 1989; Rabanal et al., 2002; Schwob et al., 2002; Vajs et al., 2003) .
Due to growing interest in antimicrobial agents that can treat infections caused by biofilm forming bacteria, the active compounds (1-5) were tested for their ability to attenuate biofilm production by each of the Staphylococcus species. The MBIC values of the Hypericum metabolites ranged from 1.95 μg/mL to 7.81 μg/mL. Compound 2, isolated from H. punctatum, displayed the most potent biofilm inhibition against S. aureus and S. epidermidis at an MBIC of 1.95 μg/mL. Compounds 1, 2, and 3 also inhibited biofilm formation at concentrations below their respective MIC and MBC values against some test strains. Compounds with 2-methylpropanoyl groups (1 and 3) consistently demonstrated MBIC values at or below their respective MIC values. Interestingly, a study by Socolsky et al. showed that other acylphloroglucinols isolated from Elaphoglossum yungense produced a modest increase in the amount of biofilm of S. aureus and P. aeruginosa at 10 μg/mL, despite reducing growth. (Socolsky et al., 2010) .
The results of these studies add to growing knowledge of the antimicrobial properties of acylphloroglucinol metabolites. Other studies have reported acylphloroglucinol derivatives possessing antimicrobial activity against staphylococci (Gibbons et al., 2005; Henry et al., 2009; Ishiguro et al., 1994; Pecchio et al., 2006; Schempp et al., 1999; Winkelmann et al., 2001; Winkelmann et al., 2003) . A study by Socolsky et al. reported that acylphloroglucinols containing an additional chromene substituent demonstrate antimicrobial activity against P. aeruginosa, indicating that certain acylphloroglucinols may possess useful antimicrobial effects against Gram-negative pathogens (Socolsky et al., 2010) . While a detailed mechanism of action for the antimicrobial activities of acylphloroglucinols remains to be determined, Hubner and colleagues showed that reduced sensitivity of S. aureus to hyperforin did not lead to a cross resistance against clinically used antibiotics (Hubner, 2003) , therefore suggesting a possible unique mechanism of action. Shiu et al. found that certain acylphloroglucinols retained activities against tetracyline, fluoroquinolone, and macrolide drug-resistant strains, thereby also suggesting alternate mechanisms of action (Shiu and Gibbons, 2006) . These studies further highlight the promise of investigating acylphloroglucinol derivatives as novel agents to treat bacterial disease.
Several of the metabolites in this study have previously demonstrated biological activities in other medically relevant assays. Compounds 3, 4, 5 and 7 are reported to have antitumor activity with IC 50 values ranging from 4.1 to 36 μM (Henry et al., 2009; Henry et al., 2006) . Additionally, compounds 3, 4, and 5 display antioxidant activity and cyclooxygenase (COX) inhibition (Henry et al., 2006) .
The potent anti-staphylococcal activity of the Hypericum constituents suggests that these deserve further consideration as novel antibacterial agents. S. aureus is recognized as an important human pathogen able to adapt and evolve in terms of its resistance traits and virulence factors; it is among the most important causes of human infections in both the hospital and community settings (Tang and Stratton, 2010) . These bioactive secondary metabolites further highlight the potential for finding structurally new antibacterial agents from plants, and add to our understanding of structure-activity relationships for phloroglucinols that limit growth and biofilm production by pathogenic bacteria. Structures of Hypericum secondary metabolites. 1 represents 3-geranyl-1-(2-methylpropanoyl)phloroglucinol, 2 represents 3-geranyl-1-(2-methylbutanoyl)phloroglucinol, 3 represents 2-geranyloxy-1-(2-methylpropanoyl)phloroglucinol, 4 represents 2-geranyloxy-1-(2-methylbutanoyl)phloroglucinol, 5 represents 2-geranyloxy-4,6-dihydroxybenzophenone, 6 represents elliptophenone A, 7 represents prolificin A
